a high r e s o l u t i o n (6 ns) pseudo-randm noise (PN) channel probe for evaluating the transmission character of a l a n d m o b i l e ccannunication channel. Preliminary measurements were performed a t a microwave frequency in a number of locations in Boulder, Colorado.
Introduction
There is considerable interest in transmitting d i g i t a l d a t a i n c l u d i n g d i g i t i z e d v o i c e s i g n a l s o v e r mobile links and m i l i t a r y t a c t i c a l n e t s o p e r a t i n g i n urban and suburban areas a t microwave frequencies. Transmission channels in this operating environment are very lossy and dispersive, both in time and frequency. System performance i s limited because many s i g n a l components are received after propagating over different p a t h l e n g t h s d u e t o r e f l e c t i o n s , and the signal amplitude and delay varies with time due to vehicle motion.
Performance of radio systems using these channels may be improved by incorporating adaptive equalization c i r c u i t r y i n t h e system design.
Such techniques not only canbat the multipath, but can indeed utilize the i n h e r e n t d i v e r s i t y of t h e m u l t i p a t h s t r u c t u r e t o enhance the grade of service. Consequently, it is
essential that the basic transmission channel paramet e r s b e known for the developnent of suitable equalization procedures.
measuring the time-varying impulse response and then determining the time-frequency correlation functions. This i s f a i r l y ccmmon p r a c t i c e by workers i n t h e f i e l d :
see Cox' as an example. This reports describes the c a p a b i l i t i e s of t h e I n s t i t u t e f o r T e l e c m u n i c a t i o n Sciences (ITS) for this type of channel characterization. The ITS capabilities are demonstrated through measured examples of some mobile channel responses obtained in Boulder, Colorado, using a pseudo-random (PN) channel probe described by L i n f i e l d , e t a l . , .
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Data processing techniques available in the ITS laboratory are also described. These techniques are i d e a l l y s u i t e d t o c h a r a c t e r i z i n g land-mobile problems.
The ITS Channel Probe
Mobile radio channels can be characterized by
The impulse response h(t) of a radio channel a t a given instant in time i s defined as the channel output when a unit impulse or delta function 6 ( t ) i s impressed on the input.
Given h ( t ) , an a r b i t r a r y i n p u t x ( t ) produces an output y ( t ) g i v e n by the convolution i n t e g r a l : y ( t ) = l z X ( T ) h ( t -T ) d T = x ( t ) I h ( t )
where I denotes convolution.
Note t h a t t h e convolut i o n of a f u n c t i o n f ( t ) w i t h t h e u n i t impulse 6 ( t ) y i e l d s t h e f u n c t i o n i t s e l f a s f ( t ) B E ( t ) = f ( t ) .
( 2 )
One obvious way t o m.easure the impulse response of a channel i s t o t r a n s m i t a u n i t impulse through it and observe the output response.
However, it i s only possible to approximate a u n i t impulse i n p r a c t i c e . An a l t e r n a t e method i s to use impulse type functions which take advantage of time-bandwidth tradeoffs 3 
I f t h e i n p u t t o t h e f i l t e r x ( t ) h a s an autocorrelation

R (T) =Im h(t-T)Rxx(T)dt = h ( t ) I R X x ( t ) . ( 5 )
XY
The c r o s s c o r r e l a t i o n R (T) yields the impulse XY r e s p o n s e h ( t ) when t h e i n p u t i s a white-noise source, since for white noise R x y ( ? ) = h ( t ) B 6 ( T ) = h(;).
Pseudo-random noise (PN) ke:rstreams s a t i s f y most of t h e randomness p r o p e r t i e s of white noise, and can be used f o r t h e s e measurements. PN codes have an autoc o r r e l a t i o n f u n c t i o n s i m i l a r t o t h a t of bandlimited noise and can be generated using a maximum-length sequence generator.
The output of the generator cons i s t s of a s e r i e s of rectangular wave forms which u l t i m a t e l y r e p e a t i n s e q u e n c e a t p e r i o d i c i n t e r v a l s o f AT = (2"-1)Ct, where n i s t h e number of s t o r a g e u n i t s and A t i s the clocking period. This i s t h e b a s i c concept used i n t h e I T S channel probe employed f o r measuri n g m o b i l e c h a n n e l c h a r a c t e r i s t i c s a t 8 . 6
GHz.
minal and a receiver terminal with appropriate antennas for each, and with equipnent for data recording and display.
The probe signal consists of a c a r r i e r t h a t i s phase modulated by t h e PN binary bit stream.
The PN code is generated from a 9-stage shift-register, providing a r e p e t i t i v e sequence 511 b i t s long and clocked a t 150 MHz. The autocorrelation function of this keystream i s triangular in shape, and i s s l i g h t l y more than 13 ns in width a t i t s base.
frequency to develop both a 600 MHz IF and an 8.C GHz r f c a r r i e r s i g n a l .
The 600 MHz I F s i g n a l i s biphase modulated with the pseudo-random sequence and mixed i n a double balanced circuit with an 8 GHz signal to produce a double-sideband suppressed carrier siar,al, with t h e two sidebands centered a t 7 . 4 and 8.6 GHz. An r f f i l t e r i s used to pass the upper and r e j e c t t h e lower sideband. A t r a v e l i n g wave tube ( 7 3~) r f a m p l i f i e r provides the signalling power (up t o 20 w a t t s ) t o t h e antenna via a low loss transmission line.
The received signal i s correlated with a co-and quadrature-phase replica of t h e t r a n s m i t t e d s i g n a l , a t the I F of 600 MHz. These quadrature functions permit t h e r e l a t i v e p h a s e of the received milltipath components t o be determined. The quadrature functions are also squared and summed to provide a direct output of the power envelope of the impulse response. I n a d d i t i o n , t h e 600 MHz IF signal i s monitored on a power meter, and recorded through a log converter amplifier for the received signal level (RSL) measurement. The complete c h a r a c t e r i s t i c s of t h e probe as used for the mobile channel neasurements descibed i n t h i s
The ITS channel probe consists of a t r a n s m i t t e r - 
Measurement Procedures
The PN probe receiver was mounted in a mobile van equipped with an integral power generator. Data l o g g i n g f a c i l i t i e s i n c l u d e d a v a r i a b l e p e r s i s t a n c e scope (from which Polaroid photographs of the response could be obtained) and a portable magnetic tape recorder. The receiving antenna was a nominal quarter-wave v e r t i c a l s t u b above a ground plane, mounted on a mast approximately one meter above the roof on t h e r e a r of t h e van.
The t r a n s m i t t e r was housed i n a closed equipment rack, and secured to a concrete pad on t h e e a s t edge of Green Mountain, behind t h e Department of Comerce (DOC) l a b o r a t o r i e s . The transmitter antenna was a standard gain horn with a 3 dB beamwidth of approximately 20'
in azimuth, and a gain of 21 dB above an i s o t r o p i c r a d i a t o r . The horn was mounted on a pipe mast approximately 3 m above the surface. The mast could be conveniently rotated to orient the antenna to any desired azimuth angle.
Measurements were made with the receiver van a t d i s t a n c e s f r a n 1 t o 5 b f r a n t h e transmitter. For each run, the transmitter antenna was oriented in azimuth such that the receiver van e s s e n t i a l l y remained within the azimuth beamwidth.
w i t h i n t h e C i t y of Boulder, Colorado, which can be described as follows:
Measurements were made i n f o u r g e n e r a l a r e a s 1. Residential streets.
.
Areas with single-family hanes, open-space (parks and lakes) and high-rise apartment buildings.
3 . Downtown business area, with buildings ranging from one t o e i g h t s t o r i e s i n height.
S t r e e t s forming state and Federal highways through the city, with a mixture of business buildings and shopping centers.
A l l measurements were recorded on magnetic tape, and included the following data signals:
1. I R I G time code.
Ih!t) 1' -l i n e a r s c a l e . time represents approximately 34 n s i n real time. This d a t a rate was observed t o be adequate, even when t h e van was in motion, since no s i g n i f i c a n t change i n t h e time-delay structure of t h e measured response could be d e t e c t e d i n a d j a c e n t windows.
I h ( t )
-
The observation i l l u s t r a t e s t h a t t h e time v a r i a b i l i t y of t h e d a t a was slow canpared with the selected data rate a t t h e v e h i c l e v e l o c i t i e s u s e d
(5 t o 15 mph).
Analysis Procedures
The magnetic tapes were r e t u r n e d t o t h e l a b o r a t o r y for processing and a n a l y s i s . Each tape was scanned f o r times of most s i g n i f i c a n t d a t a i n r e l a t i o n t o t h e regions described in the previous section. Selected periods were analyzed, and the results are presented below.
The time-danain impulse response provides an immediate display of the multipath structure of a transmission channel.
I t measures both the relative path delays (and consequently the path length differences) and the relative magnitudes of ea'ch path response. In reality, this function contains more information than can be easily used to predict system performance although it i s i d e a l l y s u i t e d f o r t h e "stored channel" simulation process as described by
Bussgang, e t a l . , '. The function i s time-variant, and can change q u i t e r a p i d l y i n t h e l a n d m o b i l e c h a n n e l a s one or both terminals are i n motion. The dynamic channel affects on a v a r i e t y of information signals could be detennined from a laboratory simulator, where t h e measured responses form the time-variant kernel in a real-time convolution process given by (1). Other approaches include using the measured data as timesampled f u n c t i o n s t h a t t h e n d e s c r i b e t h e a p p r o p r i a t e tap-gain functions for a tapped delay-line model of the channel. These methods are the only way i n which dynamic e f f e c t s of the channel functions can be measured in the laboratory.
Many authors (Kailath6; Gallager'l; Cox'' and B e l l o , e t a l . ,
', however, have i l l u s t r a t e d t h e u t i l i t y o f v a r i o u s s t a t i s t i c s
of the channel functions in providing an evaluation of the average of conrmunication c a p a b i l i t i e s i n t h e c h a n n e l .
One of the more u s e f u l s t a t i s t i c s i s t h a t of t h e two-frequency c o r r e l a t i o n function given by
where X denotes the correlation integral. This as well a s o t h e r s t a t i s t i c a l c h a r a c t e r i s t i c s of the channel are discussed in a good, general treatment by
Gallager . There a r e two special cases of (8) t o con-7 5 20 s i d e r . First we n o t e t h a t f o r Af=O, S ( 0 , A t ) i s t h e c o r r e l a t i o n of t h e system t r a n s f e r f u n c t i o n f o r a sinusoidal input.
From this, the coherence time of the channel can be derived. The second case is given for A t = O , i n which %(Af, 0) i s the correlation of the t r a n s f e r f u n c t i o n over a broad band of frequencies and i s a function of Af. For example, this c o r r e l a t i o n function i s given by
where F[.) denotes a Fourier transform operation, denotes a complex conjugate, and h(t,T) i s the equiv a l e n t low-pass impulse response function of the channel (response a t time t t o an impulse applied a t t h e i n p u t T s e c o n d s e a r l i e r ) .
Note that the quantity i n t h e b r a c k e t s of the final expression of ( 9 ) i s t h e measured function from the channel probe.
The r e l a t i o n g i v e n by (9) i s of p r i m a r y i n t e r e s t here, and represents the analysis performed on t h e measured data. However, before presenting these r e s u l t s , it i s informative to examine sane additional r e l a t i o n s h i p s between t h e measured f u n c t i o n s f r a n t h e p r o b e a n d o t h e r s t a t i s t i c a l f u n c t i o n s found i n the l i t e r a t u r e .
s i d e s of ( 9 ) , and noting by d e f i n i t i o n that Taking inverse Fourier transforms over Af on both
we f i n d f o r t h e s p e c i a l c a s e A t = O % ( T I = / h ( t , T ) I .
(11)
The c o r r e l a t i o n f u n c t i o n of (10) i s commonly r e f e r r e d
t o a s t h e t a p -g a i n c o r r e l a t i o n f u n c t i o n . I t i s obvious from (11) t h a t the probe yields a d i r e c t meas u r e of \ ( ? , O ) ,
and consequently, the multipath spread (or smear) of the channel. The doppler spread of a channel a t any a r b i t r a r y delay T can generally be determined fran a measure of e i t h e r of the correlation function given by (9) o r (10) over the variable A t . The i n t e r v a l i n A t where t h e s e f u n c t i o n s a r e e f f e c t i v e l y nonzero i s t h e Same, and as noted before, this i s a measure of the coherence time of the channel response.
The doppler spread has the order of magnitude of t h e r e c i p r o c a l of the coherence time. There i s a l s o a third characteri s t i c f u n c t i o n d e f i n e d a s t h e s c a t t e r i n g f u n c t i o n of a time-and frequency-spread channel. This function i s similar to the transform of (lo), when the operation i s over A t . The range in f where the s c a t t e r i n g funct i o n i s e f f e c t i v e l y nonzero 1s a d i r e c t measure of t h e doppler spread.
recorded from the probe measurements can be processed from the magnetic tapes in computer r o u t i n e s t o d e r i v e the scattering function. This process, however, i s beyond the scope of this paper.
From ( 9 ) we note that the special case of t h e two-frequency correlation function i s obtained d i r e c t l y f r a n a Fourier transformation of the measured data. The OT/ITS has i n i t s l a b o r a t o r i e s a times e r i e s a n a l y z e r i d e a l l y s u i t e d t o p r o c e s s i n g t h e s e d a t a . The system i s a d i g i t a l computer i n which a l l the basic time-series analysis algorithms are hardwired into the program and selection of any algorithm i s made from a push-button or. the computer console. One of the selectable algorithms i s the Fourier transform and i t s inverse. Input data are block oriented, and the output i s developed i n two quadrature components representing the real and imaginary parts of the transformed function. Another selectable algorithm i s t h a t of r e a l o r complex m u l t i p l i c a t i o n . Thus, compound operations may be quickly performed within the I t should be noted from (10) and (11) Before presenting specific data samples, some general observations are appropriate. F i r s t , t h e direct-path signal was p r e s e n t and undistorted whenever the transmitting s i t e could be seen, unobstructed, from the van. Conversely, i f t h e v i s u a l p a t h between t h e van and the t r a n s m i t t e r was blocked, even by r e l a t i v e l y small t r e e s , f o r example, t h e d i r e c t p a t h was severely attenuated. Second, when t h e van was stopped, the responses indicated one or more d i s t i n c t p a t h s w i t h no noticeable spreading of the individual pulses.
However, when the van was moving, it was not unusual to see a spreading, or superposition of the delayed pulses, but t h i s was r a r e l y s e e n f o r t h e d i r e c t p u l s e . (b) Expanded s c a l e p l o t of one power impulse f u n c t i o n f r a n a s e r i e s i l l u s t r a t e d i n ( a ) . Analysis Results I n t h i s s e c t i o n we p r e s e n t a r e p r e s e n t a t i v e sample of t h e land-mobile transmission channel measurements made in Boulder, CO. Examples of each of the regions noted previously are included, w i t h the exception of r e s i d e n t i a l s t r e e t s .
A t the high microwave frequency used f o r t h e measurements (8.6 GHz), these areas were found t o be of l i t t l e i n t e r e s t because the residential s t r e e t s a r e h e a v i l y t r e e -l i n e d , and t h e d i r e c t s i g n a l was attenuated by t r e e s and b u i l d i n g s i n most a r e a s . Multipath signals were s e e n i n a l l c a s e s ; however, they were q u i t e small and limited in delay time to the values expected for the path length differences between t h e r e c e i v e r van and homes a l o n g t h e s t r e e t .
System C a l i b r a t i o n I n o r d e r t o e s t a b l i s h a r e f e r e n c e l e v e l f o r the measured d a t a , a measurement was made with the van positioned a t close range and on a d i r e c t l i n e -o f -s i g h t p a t h t o t h e t r a n s m i t t e r .
The recorded power impulse response i s representative of a clear-channel (no multipath) and includes the effects of the measurement system, both transmitter and receiver.
A t y p i c a l Figure 3a .
Note that this short-path response i s a c a l i b r a t i o n power impulse response i s shown i n p a t h d i s t o r t i o n a t t h e b a s e o f t h e t r a i l i n g edge. The f a i r l y c l e a n t r i a n g u l a r f u n c t i o n , w i t h a s l i g h t m u l t ip l o t has been made d i r e c t l y on an x-y recorder, a t t h e output terminals of the time-series analyzer described previously. In other words, the displayed impulse has been read from the magnetic tape recording, 
T h i s r e s u l t i s seen to correspond very n i c e l y t o t h e t h e o r e t i c a l f r e q u e n c y c o r r e l a t i o n f u n c t i o n described by Cox . Note t h a t t h e c o r r e l a t i o n d e c a y s t o
zero a t a value of Af = 150 MHz; the value of t h e PN clock frequency for the measuring probe.
The fine-scale f l u c t u a t i o n on the function i s a r e s u l t of some quantizing noise in the analysis, and t h e small d i s t o r t i o n s i n the time domain function noted previously. o n l y r e l a t i v e magnitudes between direct-path and multis i n c e we a r e i n t e r e s t e d p r i m a r i l y i n m u l t i p a t h , path components are important for the time-domain functions in the transformed data. Accurate receivedpower c a l i b r a t i o n can be provided where desired, since t h e r e c e i v e r c o n t a i n s a self-calibrating source.
Measurements i n Mixed Residential Areas 1
Multipath measured in locations of mixed resident i a l areas are discussed in this section. These areas are t y p i f i e d by a m i x t u r e o f r e s i d e n t i a l s t r e e t s , open space such as parks and greenbelt land and apartment houses. A response observed in this type of area i s shown in Figure 4 . The r e s p o n s e i n p a r t (a) of t h e delay times between 800 and 1000 ns. Note t h a t t h e f i g u r e shows two r e f l e c t i o n s ( t h e f i r s t q u i t e s m a l l ) a t direct path impulse shows short-delay components with m a l l magnitudes near the trailing edge. The f i r s t of these i s p a r t i a l l y merged w i t h t h e d i r e c t p u l s e , b u t i s distinguished by i t s peak value. 
t u a t i o n i n t h e c o r r e l a t i o n
function i s a r e s u l t of the delay component a t 960 ns, which transforms t o a c y c l i c term i n Af of s l i g h t l y over 1 MHz. Thus, in this s i t u a t i o n the coherence bandwidth (BW) i s on the order of 1 MHz. However, s i n c e t h e r e f l e c t e d component i s approximately 0.4 times t h e magnitude of d i r e c t s i g n a l , t o t a l c a n c e l l at i o n ( i n t h e c o r r e l a t i o n f u n c t i o n ) d o e s n o t t a k e p l a c e over the complete range of the spec-. For example, i f w e examine the lower limit of the envelope bounding t h e o s c i l l a t o r y p a r t of the function, we note that t h e spectral energy is f i n i t e t o f r e q u e n c i e s of 60 t o 65 MHz. The mean of the envelope extends to approximately 100 MHz. Comparing t h e s e f e a t u r e s w i t h t h e c a l i b r a t i o n f u n c t i o n of Figure 3 , we can conclude t h a t the frequency transfer function lH(f ,t) I of t h i s channel ( a t t h e i n s t a n t of measurement) i s limited roughly to 100 MHz by the short-term delay components, and the envelope i s scalloped Over a range in Af22 MHz. The path d e l a y s a r e s e e n t o be less (520 and 580 ns) than the previous example, and t h e second r e f l e c t e d s i g n a l i s seen to be s l i g h t l y l a r g e r i n magnitude than the direct signal. This response was measured i n a mixed usage area of Boulder, CO, where a small shopping complex, low office buildings, convenience stores, and a r e s i d e n t i a l area merge. The receiver van was posit i o n e d i n a shopping-center parking lot west of several tall University of Colorado dormitory buildings.
This example w i l l s e r v e t o i l l u s t r a t e t h e i n f o r m a t i o n
I t was determined (by using a hand-held metal reflector) t h a t t h e l a r g e m u l t i p a t h component was a r e f l e c t i o n from one of the dormitory towers.
The smaller compone n t i s probably from some c l o s e r f a c e t of t h e same building.
shown i n F i g u r e 5 ( b ) .
Here again, we s e e t h a t t h e coherence bandwidth (BW) i s very small (-0.5 MHz) compared with the transmitter BW, and t h e r a p i d f l u c tuation corresponds to the long delay time. In this case, the delay i s about 580 n s f o r t h e l a r g e r e f l e ct i o n , which transforms to a Af f l u c t u a t i o n of approximately 1.7 MHz. This i s roughly the spacing of t h e fluctuation peaks seen in Figure 5(b) . Note a l s o , t h a t t h e r e f l e c t e d component i s a c t u a l l y l a r g e r i n magnitude than the direct-path signal. Thus, the correlation function indicates periods of complete spectral cancellation across the transmission band.
From an expanded s c a l e p l o t of the impulse response
(not shown) we determine the delay spread of the direct response in Figure 5 (a) to be on the order of 1 0 ns. Thus, the transmission BW has been compressed to about 100 MHz, as can be seen f r m t h e s p e c t r a l f u n c t i o n of Figure 5 ( b ) .
The f i n a l example i n t h i s s e t i s a response observed i n a suburban area farther east of the above location. A t one point the received signal over the d i r e c t p a t h was shadowed by buildings toward the west. A high-rise apartment building was l o c a t e d e a s t o f t h e van, and the impulse response of Figure 6 (a) was measured. There i s only a v e s t i g e o f t h e d i r e c t p a t h response, and two delayed responses.
The f i r s t i s a s t r o n g r e f l e c t i o n , a t a delay of 230 ns, from t h e apartment building.
The o r i g i n of t h e s m a l l e r r e f l e ct i o n i s not known, but it could be from another portion of t h e same building.
would generally mean that t h e d i r e c t p a t h s i g n a l would be below the receiver threshold, and the recognized s i g n a l would be t h e l a r g e r e f l e c t i o n .
For a d i g i t a l system the result could be a loss of synchronization. For example, seconds before this response was observed, the direct-path signal was strong with no r e f l e c t i o n s . As t h e van moved down t h e s t r e e t , t h e d i r e c t s i g n a l was suddenly lost and the response of Figure 6 (a) was measured. The sudden change in path length would cause the receiver to lose sync, and would require a f i n i t e time to acquire the delayed input signal. Information i s l o s t d u r i n g t h a t p e r i o d .
The transform of this response i s shown i n Figure 6(b) . The r a p i d f l u c t u a t i o n i s again due to the delay of t!e large reflection, and i s on the order of 4 t o 5 MHz. A slower variation in the peak values of t h e f a s t f l u c t u a t i o n s i s also seen, and i s on the order of 7 MHz. This fluctuation i s due t o t h e d i f f e r e n t i a l delay between the two r e f l e c t e d components. Note a l s o that t h e r e a r e two prminent lobes in the envelope of correlation function, with a n u l l a t a b o u t 38 MHZ. T h i s c h a r a c t e r i s t i c i s due to the delay-spread about t h e l a r g e r e f l e c t i o n , and due t o t h e d e l a y of the component we can observe more than one cyale i n the envelope.
Downtown Business Area
The Fourier transform of t h i s impulse function i s
In an operational system, this type of response
The c e n t r a l b u s i n e s s d i s t r i c t of Boulder is not t y p i c a l of a l a r g e c i t y .
There are only a few buildi n g s t h a t a r e o v e r t h r e e t o f o u r f l o o r s i n h e i g h t . I n blocked by obstructions, showing r e f l e c t i o n s f r a n an adjacent building. a d d i t i o n , t h e main b u s i n e s s s t r e e t i s a pedestrian mall, a n d s t r e e t t r a f f i c i s routed in a counter-clockwise p a t t e r n around the five-block mall. Measurable multip a t h i n t h i s v i c i n i t y was generally observed when t h e van was i n a n i n t e r s e c t i o n o f s t r e e t s where a clear view toward t h e t r a n s m i t t e r was provided. A typical response observed a t an open intersection contained a direct-path signal and t W o d e l a y e d r e f l e c t i o n s (150 ns and 690 n s ) . The reflection with the longer delaytime i s b e l i e v e d t o be a r e f l e c t i o n f r a n the tallest b u i l d i n g i n t h e downtown area ( 9 s t o r i e s ) .
resembled that in Figure 6 . An expanded s c a l e p l o t is shown i n F i g u r e 7. The coherence BW i s seen t o be less than 1MHz f o r t h i s r e s p o n s e , even though s p e c t r a l energy was observed t o frequencies near 100 MHz. A c y c l i c v a r i a t i o n on the order of 6 MHz can be observed in the expansion of the correlation function, corresponding t o t h e d e l a y of t h e f i r s t w a l l r e f l e ct i o n .
Major A r t e r i e s Through the City
The frequency correlation function of the response One of t h e most i n t e r e s t i n g l o c a t i o n s f o r r e f l e ct i o n s was observed near the University of Colorado. The van was driven along a street that is a major artery through Boulder (north/south), and the d i r e c t s i g n a l p a t h between the probe transmitter and receiver .van was clear. Near a major casnpus/city i n t e r s e c t i o n , 'the response shown in Figure 8 ( a ) was measured. A t h e direct path i s seen a t a delay of about 80 ns. s i n g l e r e f l e c t i o n several dB l a r g e r i n response than
The Fourier transform of the response is shown i n (b) of t h e f i g u r e , where a cyclic response of 15 MHz is seen. Note also that t h e s p e c t r a l e n e r g y has been l i m i t e d t o a value near 100 MHz i n t o t a l r e s p o n s e , due to the time spread around both the d i r e c t and r e f l e c t e d s i g n a l s . The coherence bandwidth i s seen t o be on t h e order of 3 MHz i n t h i s i n s t a n c e . AS the receiver van proceeded north, the response changed t o one of many r e f l e c t e d paths. An example i s shown in Figure 9 . The impulse response i n ( a ) i n d ic a t e s s e v e r a l r e f l e c t e d s i g n a l s s p r e a d in delay time over approximately 100 ns; a t l e a s t seven individual r e f l e c t e d components can be distinguished. Other examples were observed that displayed 10 or more r e f l e c t i o n s w i t h i n t h i s delay spread.
The area i s chara c t e r i z e d by l a r g e u n i v e r s i t y campus t u i l d i n g s east of and university service buildings west of the van. This the receiver van, and s e v e r a l l a r g e f r a t e r n i t y h o u s e s particular location provided the most complex multipath structure observed anywhere in t h e c i t y . The correlation function has a very sharp spike, as shown on an expanded s c a l e i n F i g u r e 9 ( b ) .
The width of the correlation spike i s seen to be l e s s t h a n 0.5 MHz, w i t h a complete spectral n u l l at that frequency.
The spectral energy was spread t o about EO MHz, but the coherence band i s extremely narrow.
was analyzed from the magnetic tape recording. 
Conclusions and Recommendations
The measurements reported i n this paper were made on a limited scale in Boulder, Colorado and do not r e p r e s e n t r e s u l t s that might be obtained i n a large metropolitan area with many high-rise buildings. However, t h e r e s u l t s that have been obtained indicate that the land-mobile channel at microwave frequencies around 8 GHz may have a limited coherence bandwidth in many typical receiver locations.
Coherence bandwidths a s low a s 0.5 MHz have been shown t o e x i s t i n d i f f e rent multipath environments. I n a d d i t i o n , t h e problem of direct path blockage i n conjunction w i t h l a r g e delayed reflections from buildings and o t h e r o b j e c t s are quite probable. These factors present problems f o r system designers of d i g i t a l land-mobile systems.
The a n a l y s i s r e s u l t s p r e s e n t e d h e r e r e p r e s e n t only a few of the data processing techniques available for obtaining information about the statistical v a r i a b i l i t y of the mobile radio channel. Other correl a t i o n f u n c t i o n s i n c l u d i n g t h e c a n p l e t e s c a t t e r i n g function can be derived in a similar fashion using the magnetic tape recordings of the impulse response of the channel.
Designers of systems w i l l need s comprehensive d a t a base covering the higher frequency bands to characterize the transmission channel and i t s e f f e c t on various signals.
As time goes on, it becomes more and more d i f f i c u l t t o o b t a i n t h i s d a t a b a s e b e c a u s e it Already p o r t i o n s of t h e s p e c t m are overcrowded, r e q u i r e s broadband measurements over clear channels.
making it d i f f i c u l t t o perform broadband impulse measurements and wideband performance measurements without encountering interference from other users.
This i s p a r t i c u l a r l y t r u e in t h e l a n d -m b i l e a r e a where the lower bands are already crowded with users i n e v e r y c i t y .
Because a firm data base i s so e s s e n t i a l t o t h e design of systems that a r e t o make maximum use of t h e limited spectrum, it i s recommended t h a t measurement programs be i n s t i t u t e d t o c h a r a c t e r i z e v a r i o u s r a d i o transmission channels (where they are s t i l l c l e a r ) as soon as possible. These programs should include both additive noise and response data (either in t h e f r equency domain o r t h e time domain) over a v a r i e t y of l i n k s and transmission channels with emphasis in t h e SHF band (3-30 GHz). Impulse response measurements should use the highest practical resolution; i.e., over bandwidths on the order of 10% of the c a r r i e r frequency .
Continuous recordings of the response and t h e noise should, after processing, be capable of providing an appropriate measure of the time and frequency dispersiveness of the channel and a s t a t i s t i c a l representation of the noise.
A t t h e same time, the e r r o r performance of a system should be measured a t various data rates, using a convenient modulation scheme such as quadrature PSK so t h a t performance predictions can be v e r i f i e d .
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